Abstract Surface and subsurface flow dynamics govern residence time or water age until discharge, which is a key metric of storage and water availability for human use and ecosystem function. Although observations in small catchments have shown a fractal distribution of ages, residence times are difficult to directly quantify or measure in large basins. Here we use a simulation of major watersheds across North America to compute distributions of residence times. This simulation results in peak ages from 1.5 to 10.5 years, in agreement with isotopic observations from bomb-derived radioisotopes, and a wide range of residence times-from 0.1 to 10,000 years. This simulation suggests that peak residence times are controlled by the mean hydraulic conductivity, a function of the prevailing geology. The shape of the residence time distribution is dependent on aridity, which in turn determines water table depth and the frequency of shorter flow paths. These model results underscore the need for additional studies to characterize water ages in larger systems.
Introduction
The residence time of water in the subsurface dictates contaminant concentrations [Sposito and Jury, 1988; Quinodoz and Valocchi, 1993] , determines the supply of nutrients to aquatic ecosystems [Laudon et al., 2011; Flewelling et al., 2012] , and moderates the conversion of rock to solute [Maher and Chamberlain, 2014] . Nevertheless, the distribution of water ages in large river basins remains poorly quantified [Kirchner, 2003; McDonnell et al., 2010; Rinaldo et al., 2011] . Challenges in measuring water ages, the inability of simple models to predict residence times across multiple spatial scales, and limitations in the scale over which numerical simulations can be applied, have long posed a barrier to quantifying the residence time distributions for groundwater discharging into rivers in large-scale (100-1000 km 2 ) watersheds.
Connections between topography and hydrology have been studied for decades [Tóth, 1963; Montgomery and Dietrich, 1992 ], yet open questions remain about the topographic influences on the quantity, movement, distribution, and spatiotemporal organization of groundwater residence times at the continental scale . For example, many traditional models that represent transport using exponential or advection-dispersion frameworks inadequately describe the fractal behavior of watershed-scale residence time distributions [Kirchner et al., 2000; Haggerty et al., 2002; Scher et al., 2002; Stonedahl et al., 2012; Kirchner and Neal, 2013] . The inability of traditional models to capture fractal scaling in residence time distributions suggests that conventional hydrologic residence time theories are missing the majority of old water [Botter et al., 2010; Frisbee et al., 2013; Hrachowitz et al., 2013] .
Fractal residence time distributions have been attributed to a number of factors, including geology, topography, and chemical reactions that impact tracers; however, a growing body of literature attributes this fractal behavior to fractal topography, rather than subsurface heterogeneity [McGuire et al., 2005; Cardenas, 2007; Cardenas, 2008; Kollet and Maxwell, 2008] . Although heterogeneity in hydraulic conductivity can amplify the fractal signal in residence time distributions [Cardenas, 2007; Fiori and Russo, 2008; Jiang et al., 2010] , heterogeneity is not necessary to induce fractal behavior. In fact, simple water-table geometries in homogeneous materials can exhibit this type of residence time distribution . Correlations have been observed between median flow path length and gradient at one site [McGuire et al., 2005] ; still, quantifying the drivers of residence time at large spatial scales remains an important research topic.
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Understanding the large-scale drivers of the peak and spread in residence time distributions has important implications for the predictability of hydrologic transport. Yet, few studies address connections between catchment residence times and topographic, climatic, and subsurface characteristics at the continental scale, as noted by Tetzlaff et al. [2009] . Those that do, demonstrate that steeper montane regions exhibit shorter residence times, whereas subdued terrain has less of an influence on flow regimes [Wörman et al., 2007] . Wörman et al. [2007] also showed that geomorphically varied regions display similar residence time distributions and large-scale topographic features tend to determine fluxes along deep subsurface flow paths. Here we expand on prior large-scale analyses, which relied on topographic transforms to define groundwater configuration, by explicitly simulating the groundwater system using physically based equations. This approach allows for the direct simulation of ages driven by topography, geology (hydraulic conductivity), and climate (aridity) over a continental domain.
Methods
A Lagrangian particle-tracking technique was applied to trace streamlines from each river cell through groundwater and the unsaturated zone to the recharge location with a steady-state, integrated simulation of surface and subsurface flow using ParFlow over a 6.3 × 10 6 km 2 domain published previously . The flow simulation is well documented and the results were previously compared to a large number of observations (>160,000 groundwater and >4000 surface water). The model domain extends 102 m below ground surface (following the terrain), using a 1 km lateral resolution and variable vertical resolution. Complete model input parameters are provided in Maxwell et al. [2015] and in section 1 of the supporting information and are briefly summarized here. The upper 2 m of the subsurface is soil with material properties assigned based on soil texture [Schaap and Leij, 1998] ; for the deeper 100 m properties were assigned based on lithology modified from Gleeson et al. [2011] to reduce the variability of hydraulic conductivity and to include a slope-based empirical approach to better represent basin-and-range formation [Fan et al., 2007] . Using this approach, with large grid cells, both the range of effective hydraulic conductivities (0.005 to 0.1 m/h) and porosities (0.1-0.3) are lower than point observations. It was run to steady state using a modern estimate of spatially distributed precipitation minus evapotranspiration (P-ET). The flow simulation employed no-flow boundary conditions on the bottom of the domain. This boundary condition may bias the simulation by under representing longer travel times; however, this is a necessary simplification given the limited data on depth to low hydraulic conductivity bedrock at the continental scale.
In order to simulate the total subsurface residence time from ground surface to river (i.e., the water age at the river discharge), two particles were assigned randomly at each of the river cells within this flow model; flow velocities were reversed and particles were traced backward from the streambed through groundwater back to the point of recharge. The particle simulations were run after the flow model (using two separate simulations) and each particle is run until the recharge point is reached resulting in a unique total simulation time for every particle in the simulation. This approach focused particles at the endpoint of interest (the river) and resulted in 4.14 × 10 6 total particles, providing a balance between computation efficiency and resolution. This method is identical to a particle tracking process used previously in a much smaller watershed [Kollet and Maxwell, 2008] .
Although the simulation presented here is the first continental scale analysis of groundwater residence times using an integrated model, there are some important limitations to note. Due to the modern estimates of P-ET and relatively shallow domain, this approach does not account for deeper water, such as is present deeper than 102 m (particularly true in deeper, alluvial systems) or recharged under a different climate regime. Similarly, the Great Lakes are present in the domain but are not included in the analysis because lake processes are not explicitly simulated. This simulation also cannot directly capture event-type flow or topography at less than the 1 km lateral resolution of the domain, which is important to capture regions of convergence near streams. Uncertainties are present in the subsurface inputs, particularly effective hydraulic conductivities and fracture porosities at large scales. Finally, the approach used here omits anthropogenic influences on flow, such as groundwater pumping, irrigation, and surface water diversions and management. Thus, the simulation is representative of modern climate mean flow; ages and simulated residence times greater than 10,000 years should be viewed as less certain. We recognize the uncertainty in the current subsurface data set and modeling assumptions. Although we could not do a comprehensive sensitivity analysis
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given the computational demands (as noted in Maxwell et al. [2015] , the flow simulation upon which this particle tracking is based took approximately 2.5 M core hours), our results suggest that better understanding model inputs such as the depth of bedrock, subsurface properties such as hydraulic conductivity and porosity and finer representations of topography may improve flow simulations.
All surface water travel times were calculated in addition to the groundwater residence times. The peak travel times were roughly 100 h for all basins and the oldest surface water age was 62 days. Because the time spent in surface water is small compared to the time spent in the unsaturated zone and in the groundwater, the ages can be compiled for the entire domain and for each basin without adding surface water travel times.
The point values of age were mapped to regular grids with 1 km and 10 km cell sizes over the model domain using log means of residence time. Histograms of age were generated using the R software package and each particle was flux weighted by its corresponding P-ET value. Figure 1 shows the residence time distribution that results from tracking particles from every river cell, through the groundwater and vadose zone, to their recharge locations based upon the simulated threedimensional surface and subsurface flow velocity field. Although basins viewed at large scales may appear to be composed of primarily older water, the inset of the upper Colorado headwaters (Figure 1b) demonstrates the juxtaposition of very old and very young water.
Results and Discussion
Because the transit time in the river network is much smaller than in the subsurface, these distributions represent both a probability density function of the ages of water discharged from the mouth of the river network and the breakthrough curve of a unit concentration tracer initiated across the land surface. Figure 2 shows the mass fraction versus arrival time at the ground surface for the entire domain (a) and for major river basins (b-g) shown in Figure 1 , or equivalently, the distribution of residence times from the point of recharge at the ground surface to the surface water discharge point. Resulting peak stream water ages range from 1.5 to 10.5 years depending on the basin. However, quantities of both very young (0.1 year) and very old (10,000 years) water are also present in all watersheds. Similar to studies of water residence time in smaller-scale basins [Kirchner et al., 2000; Haggerty et al., 2002; Kirchner and Neal, 2013] , these distributions are all heavy tailed (see discussion of Figure 3 , below), exhibit power-law scaling over some range and often have a departure at late time. The Colorado and Snake River systems have slightly bimodal age distributions (Figures 2b and 2d) , a novel result likely resulting from focused recharge at higher elevation headwaters composed of fractured bedrock and lower-recharge alluvium in the valleys and multi-scale, or nested Tòthian flow systems [Cardenas, 2007] . The peak ages predicted by the model agree well with several estimated, effective ages inferred from tritium ( 3 H) concentrations (as compiled in Stewart et al. [2010] ). As shown on Figures 2b, 2c, 2e, and 2f, ages for the Upper Mississippi of 10 ± 3 years from observations are in agreement with the calculated 10 year peak arrival; ages 10 ± 3 years observed for the Ohio agree with simulations of 7.5 years; and 4 years observed for the Missouri agree with simulated ages of 3.5 years. Note that these observed ages correspond to estimated groundwater contributions and not shorter surface water residence times. The Colorado simulated peak age of 2 years is somewhat less than the inferred age of 14.3 years; however, the simulation suggests a bimodal distribution with peaks centered around both 2 and 100 years ( Figure 2b) . However, given the 102 m depth of the model, deeper flow paths that could shift the second 100 year peak to older values are not included in these distributions. Figure 3 plots the log power spectra for the residence time distributions shown in Figure 2 with the major basins shown (Figures 3b-3g) as well as the entire domain (Figure 3a) . In this figure, the uncorrelated white noise apparent at high frequencies corresponds to times prior to the peak ages in Figure 2 (for reference the histogram peak times are denoted with the lighter dashed lines on Figure 3 ). The noisy behavior for ages less than the peak is a function of the shape of the breakthrough curves in Figure 2 and the lateral resolution of the domain. A higher resolution model would facilitate the simulation of shorter flow paths and could decrease the peak ages in Figure 2 [Haggerty et al., 2002] . Beyond periods of 10,000 years we see a leveling off and eventually small decreases in the power spectra in all basins. This is likely due to a decrease in particle resolution for very long flow paths. However, given the physical modeling setup, which omits deeper groundwater flow paths and water recharged under prior climates, we would expect these spectra to be less certain. Between periods of 10 and 10,000 years, clear scaling, as demonstrated by monotonically increasing power as
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a function of period, is evident in all basins. The overall log slope for these regions is slightly greater than unity, yet distinct breaks appear in most basins. The Colorado and Pacific NW show the most consistent scaling.
The relationships among age distributions and observable properties provide insight into the processes that govern residence time. Prior studies have shown that fractal topography generates heavy-tailed age distributions [Wörman et al., 2007] . The architecture of the subsurface, expressed via hydraulic conductivity (K) and porosity, and the prevailing climate, expressed via aridity, also play a critical role in determining age. When the peak ages (Figures 2b-2g ) are plotted as a function of average ln(K) (in m/d) averaged over each of the basins (Figure 1) , the resulting pattern suggests a dependence on the basin-averaged hydraulic conductivity, indicating that soil and rock type may influence peak age (Figure 4a ) at continental scales. This relationship is likely Figure 1 . A spatial map of groundwater residence times for the entire domain, as calculated from river to recharge locations, demonstrates the wide range of ages resulting from this simulation. The point ages derived from the backward particle trajectories are (a) averaged to a 10 km pixel resolution over the model domain and (b) zoomed-in over the Upper Colorado at a 1 km pixel resolution. Note that the Great Lakes (grayed out) are not included in this simulation. 
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connected through the control that K exerts on water table depth [see Maxwell et al., 2015, Figure 9 ]. Additionally, we see that the three basins with the lowest peak age are western rivers that gain much of their flow from higher elevations where, as discussed earlier, residence times are shorter. The semivariance of simulated age is also shown to be a function of aridity (Figure 4b ) when the basin-averaged semivariance of ln(age) (a measure of the slope and spread in Figures 2b-2g ) is plotted as a function of modeled P-ET (the precipitation minus evapotranspiration used to drive the flow model). The more subtle physical mechanisms that we hypothesize control this relationship are explored conceptually in Figure 5 . In this figure, more humid basins (with greater P-ET) typically have shallower water tables that more closely follow topography, including more intersections with the ground surface, more local flow paths and thus more stagnation points. Topography is fractal [Rodriguez-Iturbe and Rinaldo, 2001] both in real systems and in our domain and locations where the water table follows topography will have different age distributions as seen by the larger semivariances. More arid basins (with lower P-ET) tend to have deeper water tables that are flatter and less likely to follow . Peak age is a function of geology, whereas the age distribution is a function of aridity. These scatterplots show correlations between the (a) peak residence time versus the geometric mean of hydraulic conductivity and (b) semivariance of natural log residence time (γ age ) versus the average P-ET for each of the continental basins in this study.
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topography, resulting in subsequently smaller semivariances. Note that many other relationships were explored (e.g., semivariance of age versus average of ln(K)) but showed no correlation. This possible explanation for reduced semivariance of the residence time distribution could oversimplify more complex recharge patterns that occur in mountainblock systems (such as the Colorado and Snake watersheds, which as discussed previously exhibit a bimodal distribution of age) and the scale and extent of these relationships should be explored further.
The effect of spatial resolution on model results is evaluated by comparing to a recent modeling study of a mountain headwaters system that used a similar modeling approach but at a higher (20 m) spatial resolution [Engdahl and Maxwell, 2015] . Engdahl and Maxwell [2015] found changes in P-ET yielded nonuniform changes in water table depth, altering the distribution of age due to the proportion of time spent in unsaturated and saturated regions. The finer resolution model of Engdahl and Maxwell [2015] contained less than 4% of water ages one year or less (i.e., roughly the lower limit of the ages seen in larger scale/coarser resolution model). This suggests that resolutions less than 1 km are needed to accurately capture some of these early times. However, agreement is seen between the age distributions predicted by both models (see Figure S1 ). The age ranges found in both studies also bracket ranges inferred for another headwaters system from radioisotopes [Manning and Caine, 2007] as well as connections between recharge, water table depth, and age [Manning et al., 2013] .
Our work demonstrates the feasibility of using integrated hydrologic models to directly simulate water age. These findings suggest a connection between theoretical studies driven purely by topography [Wörman et al., 2007] with observations of path length and related parameters [McGuire et al., 2005] and suggest that both K and P-ET contribute to effective age. We have compared our model results with available, large-scale observational data; however, these data are quite limited and much additional study is needed to confirm the correlations suggested here.
Conclusions
Long-standing conceptual models of large-scale water table behavior [Tóth, 1963; Haitjema and Mitchell-Bruker, 2005; Gleeson and Manning, 2008] are linked to water residence time through fundamental drivers, further connecting climate and land cover alterations to water quality [Aubert et al., 2013; Bearup et al., 2014] . The continental-scale residence time simulations presented here indicate that stream water ages for major river basins may have power-law distributions with peaks from 1.5 to 10.5 years and a mix of very old and very young water. Additionally, our results suggest that the peak groundwater ages may be driven by hydraulic conductivity whereas the semivariance of the distribution is a function of aridity. These findings reinforce the Figure 5 . This conceptual diagram of the influence of aridity on age distributions demonstrates how aridity decreases the variance of the distribution of ages. For the humid system (a) the water table is shallower, is heavily influenced by topography, and has more discharge points. For the arid system (b) the water table is deeper, flatter, less influenced by topography and has fewer discharge points. Diagram modified and combined from several prior studies [Tóth, 1963; Haitjema and Mitchell-Bruker, 2005; Gleeson and Manning, 2008; Schaller and Fan, 2009] .
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importance of comprehensive observations of high-frequency measurements of stream compositions both to determine age of water [Stewart et al., 2012] and to better infer fundamental basin properties such as potential recharge, permeability, and porosity. Results further underscore the need for a holistic understanding of the connected hydrologic cycle, particularly for projecting large-scale water quality impacts that may persist given the large quantities of old water contributing to tributary groundwater.
